Translocation of dimethyl sulfoxide (DMSO) reductase to the periplasmic space was studied in vivo with a photodenitrifier, Rhodobacter sphaeroides f. sp. denitrificans, using immunoblotting analysis and radioactive labeling. A polypeptide with an apparent molecular mass about 2,000 Da higher than that of DMSO reductase accumulated during induction of the reductase with DMSO. An uncoupler, carbonyl cyanide-m-chlorophenylhydrazone, inhibited the processing of the polypeptide after cells had been radioactively pulse-labeled with
[35S]methionine. These results indicated that the higher-molecular-mass polypeptide was the precursor form of DMSO reductase. The precursor form accumulated in either the cytoplasm or the membrane, whereas the mature form accumulated in the periplasmic space. The membrane-bound precursor was sensitive to proteinase K treatment from both the cytoplasmic and periplasmic sides of the membrane, indicating that the polypeptide binds to the membrane, exposing it to both the outer and inner surfaces of the cytoplasmic membrane. Processing of the precursor was hampered by removal of molybdate from the medium and was restored by its readdition. It was also inhibited by the addition of tungstate in the medium.
Translocation of noncytoplasmic proteins across the cytoplasmic membrane in gram-negative bacteria has been studied almost exclusively in Escherichia coli with outer membrane proteins and periplasmic enzymes (2, 20, 26) . The process of the translocation is reported to involve a series of steps: synthesis of precursor proteins with amino-terminal extension sequences (3) , maintenance of the precursor protein in an unfolding state or translocation-competent fQrm (4) (5) (6) , binding to a postulated specific receptor protein(s) on the inner surface of the cytoplasmic membrane such as SecY (1, 11) , energy-dependent translocation of the precursor protein (8) (9) (10) 19) , and removal of the amino-terminal signal sequence by the processing peptidase enzyme together with acquisition of a stable conformation. Little has been investigated in this regard, however, using the physiologically versatile phototrophic purple bacteria (27) . Translocation of the periplasmic proteins participating in energy conservation which contain prosthetic groups has apparently not yet been investigated in bacteria. The question thus arises as to how insertion of the prosthetic groups to apoproteins is coupled with the translocation of the periplasmic proteins.
Rhodobacter sphaeroides f. sp. denitrificans (22) is a phototrophic bacterium which possesses an activity of denitrification from nitrate as one of its anaerobic respiration systems. The enzymes involved in the denitrification of the photodenitrifier, nitrate, nitrite, and N20 reductases, are all located in the periplasmic space as soluble proteins (24, 25) , whereas NO reductase is a membrane-bound protein (16) . The NO reduction, however, also occurs at the periplasmic side of the cytoplasmic membrane (16) . The photodenitrifier is also capable of anaerobic dark growth with dimethyl sulfoxide (DMSO) or trimethylamine-N-oxide as the sole terminal electron acceptor (23) . The terminal reductase of * Corresponding author. DMSO respiration, DMSO reductase, which is also responsible for trimethylamine-N-oxide reduction, is a periplasmic soluble protein and is produced by more than 10% of the periplasmic proteins when induced with DMSO. The reductase consists of a single polypeptide with a molecular weight of 82,000 and contains one molecule of molybdenum cofactor per molecule of reductase. It is unusual among molybdoenzymes in that it contains the molybdenum cofactor as its single prosthetic group (23) .
DMSO reductase, therefore, appears to be advantageous for use in investigating the question described above. Here, we report the detection of a distinct precursor form of DMSO reductase, its accumulation either in the cytoplasm or on the cytoplasmic membranes during processing, and inhibition of the processing to the mature form by removal of molybdenum from the culture medium.
MATERIALS AND METHODS
Microorganism and growth conditions. A green mutant strain of R. sphaeroides f. sp. denitrificans IL106 (22) was used. Cells were grown anaerobically at 30°C in light (about 3,000 lx from a tungsten lamp) in an appropriate volume in a screw-capped tube or bottle filled with the malate-mineral medium described previously (23) (17) . Then the bands were transferred to a nitrocellulose membrane, using a semidry transfer cell (Sartorius) as recommended by the manufacturer. The blots were incubated overnight in phosphate-buffered saline (PBS; 20 mM phosphate buffer, 0.15 M NaCl, pH 7.5) containing 5% skim milk and then in PBS containing the anti-DMSO reductase antiserum raised in rabbits. The blots were visualized by peroxidase, using a Vectastain ABC kit (Vector Laboratories) as recommended by the manufacturer.
Immunoprecipitation and fluorography. Immunoprecipitation was carried out as described by Halegoua et al. (12) , with modifications. To aliquots (150 ,lI) of [35S]methioninepulse-labeled culture, 37.5 ,ul of 5% SDS was added as described in the legend to Fig. 3 . The mixture was heated at 100°C for 10 min and centrifuged. To the supernatant (150 Al) were added 1.25 ml of dilution buffer (0.12 M phosphate buffer, 0.12% SDS, pH 7) and 10 RI of anti-DMSO reductase antiserum. The mixture was incubated at 37°C for 30 min and then at 4°C overnight. The precipitates were obtained by centrifugation, washed three times with PBS containing 0.1 mM EDTA and 0.01% SDS, resuspended with 20 RI of the sample buffer for SDS-PAGE, and subjected to SDS-PAGE. The gel was dried, and a fluorograph was taken by using X-ray film (Kodak Omat AR).
Preparation of cytoplasmic, periplasmic, and membrane fractions. The procedure was carried out by using EDTAlysozyme as described by McEwan et al. (18) .
Measurement of DMSO reductase activity. Reductase activity was assayed by monitoring DMSO-dependent oxidation of half-reduced benzyl viologen as described before (23) .
Chemicals. Carbonyl cyanide m-chlorophenylhydrazone 
RESULTS
Time course of DMSO reductase induction. DMSO reductase induction was traced by immunoblotting analysis for 5 h after 0.2% DMSO was added to the exponentially grown cells under photosynthetic conditions (Fig. 1A) . The band of DMSO reductase started to increase at 1 h and continued to accumulate up to 5 h. A band (arrow in Fig. 1A ) immunologically reactive with the anti-DMSO reductase antiserum which has a molecular mass about 2,000 Da higher than that of DMSO reductase appeared in 2 h, and there was an increase up to 5 h together with the accumulation of DMSO reductase. Figure 1B illustrates time course of the induction of DMSO reductase activity. The activity is expressed in units per milliliter of culture in order to correlate with Fig.  1A . The activity started to increase at 1 h up to 5 h, which was comparable to the accumulation of the band of DMSO reductase mentioned above. Thus, the higher-molecularform was thought to be the precursor form of DMSO reductase and was characterized further.
Blocking by CCCP and phenylethyl alcohol of processing of the polypeptide with a higher molecular mass. It is generally accepted that translocation of noncytoplasmic proteins across the cytoplasmic membranes is an energy-dependent process and is inhibited completely by an uncoupler, CCCP. The effect of CCCP on the processing of the band with a higher molecular mass was thus examined with cells which were pulse-labeled and chased with [35S]methionine (Fig. 2) . The protein disappeared completely at 20 min in the absence of CCCP ( Fig. 2A) but remained in the presence of CCCP during the 60-min chase (Fig. 2B ). We were interested in the effect of phenylethyl alcohol, which is an inhibitor of the C M P DR   FIG. 3 . Localization of the precursor and mature forms of DMSO reductase. DMSO reductase was induced for 3 h in a 120-ml culture as described for Fig. 1 with an inoculum size of one-third, and the cytoplasmic (C), membrane (M), and periplasmic (P) fractions were obtained as described in Materials and Methods. They were then analyzed by SDS-PAGE and immunoblotting. The membrane fractions were suspended to 20% of their original volume, five times more concentrated than the spheroplast and cytoplasmic fractions. DR, purified DMSO reductase.
translocation of various exported proteins (13) ; it also inhibited the disappearance of the polypeptide (Fig. 2C) . These results demonstrated that the polypeptide is the precursor form of DMSO reductase. This precursor form accumulated during the induction of DMSO reductase (Fig. 1) and the processing occurred after pulse-labeling of the protein (Fig.  2) , suggesting that the translocation of DMSO reductase across the cytoplasmic membrane occurs posttranslationally.
Localization of the precursor form of DMSO reductase. The question arose as to where the precursor form accumulated, in the cytoplasm or periplasmic space. Exponentially grown cells were harvested 3 h after induction of DMSO reductase as for Fig. 1 , and the cytoplasmic, membranous, and periplasmic fractions were prepared without the addition of CCCP. They were then analyzed by SDS-PAGE and immunoblotting (Fig. 3) . Almost all the mature form was recovered in the periplasmic fractions, and the precursor form was in either the cytoplasmic or the membrane fractions. Since little contamination of the precursor form in the periplasmic fraction and little of the mature form in the cytoplasmic and the membrane fractions are observed in the figure, almost complete fractionation seems to have occurred in this fractionation. Each form of the DMSO reductase was estimated by using an interactive image analysis system (Carl Zeiss) to be approximately 77, 19, and 4% in the periplasmic, cytoplasmic, and membrane fractions, respectively. The ratio of the mature form to the precursor form increased with time after the induction, as shown in Fig. 1A . These results showed that the mature form was localized in the periplasmic space, consistent with a previous report (23) , and the precursor form remained in the cytoplasm and the membranes.
Another question arose as to on which side the membranebound precursor is trapped, the cytoplasmic side before translocation, the periplasmic side after translocation, or both sides in the course of translocation. Spheroplasts which have right-side-out membranes and chromatophores which have inside-out membranes were prepared, and the difference in proteinase K accessibility to the precursor form between the two preparations was examined (Fig. 4) . Most of the precursor form of the spheroplasts appeared resistant to proteinase K (Fig. 4A, lanes 1 and 2) . The spheroplasts treated with proteinase K were monitored by sonication and fractionated to the cytoplasmic and membrane fractions. The precursor form of the spheroplasts was recovered in the cytoplasmic fractions (Fig. 4A, lanes 3 and 4) , indicating that most of the precursor form which was resistant to the protease was trapped in the cytoplasm. This is consistent with the results in Fig. 3 . The mature form observed in the spheroplasts and the cytoplasmic fractions probably is con-A B DR 1 2 3 4 5 6 7 8 1 2 FIG. 4 . Proteinase K accessibility to the precursor form of spheroplasts and chromatophores. DMSO reductase was ihduced for 3 h in a 120-ml culture as for Fig. 3 . The harvested cells were suspended in 10 ml of sucrose-EDTA-Tris buffer and converted to spheroplasts with lysozyme as described for Fig. 3 . The spheroplasts suspension was treated with 100 ,ug of proteinase K per ml at 0°C for 10 min, and then 1 mM phenylmethylsulfonyl fluoride was added to stop further protease digestion. The mixture was centrifuged at 20,000 x g for 15 min, and the supernatant was obtained (periplasmic fractions; lanes 7 and 8). The precipitate was suspended in 10 ml of EDTA-Tris buffer containing 1 mM phenylmethylsulfonyl fluoride (spheroplast; lanes 1 and 2). The spheroplast suspension was sonicated and centrifuged at 150,000 x g for 90 min, and the supernatant (cytoplasm; lanes 3 and 4) and precipitate were obtained. The precipitate was suspended in 1 ml of EDTA-Tris buffer (membrane; lanes 5 and 6); it was 10 times more concentrated than spheroplast and cytoplasmic fractions. They were then subjected to SDS-PAGE and immunoblotting (A). (B) Effect of proteinase K on the precursor form of the chromatophores. The chromatophore membranes were obtained by differential centrifugation between 20,000 and 150,000 x g of the cells which had been induced for DMSO reductase for 3 h in a 1,200-ml culture and disrupted with French pressure cells. The membrane was washed once and suspended in 1 ml of 50 mM Tris-acetate buffer (pH 7.5). The membrane was treated with proteinase K and phenylmethylsulfonyl fluoride as described above and subjected to SDS-PAGE and immunoblotting. Odd-and even-numbered lanes are samples not treated and treated with proteinase K, respectively. tamination mainly from both intact cells that remained during the lysozyme treatment and the medium surrounding the spheroplasts. The precursor form from the spheroplasts treated with proteinase K was not recovered in the membrane fractions (Fig. 4A, lanes 5 and 6) , suggesting that the membrane-bound precursor form is trapped on the periplasmic side or exposed on both sides. The precursor form dimly seen on lane 6 is probably contamination from intact cells. The precursor from the spheroplasts not treated with proteinase K was recovered in the membrane fractions (lane 5), which is consistent with Fig. 3 . The mature form in the periplasmic fraction was completely digested by the protease (Fig. 4A, lanes 7 and 8) . The two bands with molecular masses of 42 and 40 kDa are digestion products of the mature form, since we observed them by a limited proteolysis of DMSO reductase (data not shown).
The precursor form bound to the chromatophore membranes was digested completely by proteinase K (Fig. 4B,  lane 2) . Most of the mature form in the chromatophore fractions was contamination from the periplasmic space, and it was digested by the protease. A very small amount of the mature form trapped in the lumen was remained during the digestion. These results suggested that the membrane-bound precursor was trapped, exposing it on both the cytoplastnic and periplasmic sides of the membrane in the course of the translocation. Translocation of the precursor of DMSO reductase across the cytoplasmic membrane is assumed to be a rate-limiting step for the formation of mature enzyme. Figure SA shows the time course of DMSO reductase induction with DMSO carried out as for Fig. 1 To confirm further the role of molybdate in processing, we studied the effect of readdition of 1 mM molybdate to the culture medium 3 h after induction with DMSO in the absence of the former (Fig. SB) . One millimolar molybdate is a saturating concentration for the processing, because the induction patterns between 3 ,uM and 10 mM molybdate in the medium of both forms of DMSO reductase carried out as for Fig. 1 were almost the same (data not shown). The precursor started to decrease at 30 min by processing to the mature form and disappeared at 1.5 h; thereafter, both the precursor and mature forms started to increase as observed in Fig. 1 . Figure SC shows the effect of the addition of tungstate, a competitor of molybdate, in the medium. It inhibited the processing, and the ratio of the precursor form to the mature form increased. Tungstate, however, appeared to also inhibit the induction of DMSO reductase. These results indicate that molybdate in the culture medium is essential for processing of the precursor to the mature form of DMSO reductase.
DISCUSSION
A band immunologically reactive with the anti-DMSO reductase antiserum which had an apparent molecular mass about 2,000 Da higher than that of DMSO reductase appeared during the induction of DMSO reductase (Fig. 1) . Since processing of the polypeptide was inhibited by CCCP and phenylethyl alcohol (Fig. 2) and it accumulated in the cytoplasm and cytoplasmic membranes (Fig. 3) , it was the precursor form of the reductase. Accumulation of the precursor form with the mature form during the induction differs from what has been found for the usual exported proteins of E. coli. The export process in E. coli is so rapid for wild-type proteins that the precursor form is detected only when a leader sequence or translocation machinery mutant is used, a leader peptidase is repressed, or inhibitors of the export are used (2, 9, 20, 21, 26) . Thus, DMSO reductase of this photodenitrifier is thought to be an advantageous system for use in investigating the mechanism of protein transport through cytoplasmic membrane in addition to the reason mentioned in the introduction.
The precursor form of DMSO reductase accumulated in the cytoplasm and on the cytoplasmic membrane, exposing the polypeptide to both the cytoplasmic and periplasmic sides probably in the course of translocation. Therefore, our observations for this photodenitrifier show that DMSO reductase is synthesized initially as a precursor form, forming a pool of the precursor in the cytoplasm, and is then translocated posttranslationally. The rate-limiting step in the formation of mature DMSO reductase appears to lie in the translocation of the precursor across the cytoplasmic membrane. A possible proteolytic processing is thought to occur at the periplasmic side of the membrane as in E. coli, whose leader peptidase acts on the periplasmic face of the cytoplasmic membrane (7, 26) .
DMSO reductase of the photodenitrifier contains one molecule of molybdenum cofactor per reductase as the prosthetic group. Depletion of molybdenum from the medium effectively inhibited processing of the precursor form, and its readdition overcame this block (Fig. 5) . The addition of tungstate in the medium also caused accumulation of the precursor. This inhibition of processing could be due to a lack of the molybdenum cofactor in cells; thus, it is expected that incorporation of the molybdenum cofactor into the apoprotein is closely coupled to processing of the reductase. This is similar to the import of apocytochrome c across the mitochondrial outer membrane, which requires heme addition in the intermembrane space; when heme addition is blocked, the apocytochrome c remains bound on the outer mitochondrial surface (14, 15) . The question then arises as to where the molybdenum cofactor is incorporated, into the precursor form at the cytoplasmic side or into the apoprotein at the periplasmic side after (or before) removal of the leader sequence. We believe now that the cofactor is incorporated after proteolytic cleavage of the leader sequence at the periplasmic side because it is hard to suppose that the polypeptide can be transported after a conformational change occurs during incorporation of the cofactor. However, there is yet no evidence substantiating this view.
After molybdenum was added to the molybdenum-free medium, there was a lag period of 30 min in recovery of the processing (Fig. SB) . This would be due to the time required for re-producing molybdenum cofactor. 
